There is still disagreement about whether crop growth rate or soil nitrate concentration control nitrogen absorption by crops under ®eld conditions. The in¯uence of these factors on the control of N uptake rate was examined in the absence of water stress, using data on dry matter production, above-ground nitrogen accumulation and soil nitrate concentration from several N-fertilizer experiments on winter wheat, winter oilseed rape and maize. The results con®rmed that crops can accumulate nitrogen far in excess of the`critical dilution curve', which de®nes the minimum amount of nitrogen needed for maximal growth rate: the N concentration in plants could exceed the critical N concentration by 70 to 80 % for the three species studied. The nitrate uptake rate index (NUI) was calculated as the ratio of actual and critical N uptake rates, at intervals of 1 week. NUI varied with nitrate concentration in the 0±30 cm soil layer according to a Michaelis±Menten equation (with one or two components). This response was compared with the kinetics of saturation of the nitrate uptake systems: the high anity transport system (HATS) and the low anity transport system (LATS). As a result, it is proposed that there is a critical N dilution curve delimiting two domains of N use by plants. This is linked to the two nitrate transport systems, with HATS working at low nitrate concentrations, below the critical dilution curve, and LATS at high nitrate concentrations, above the curve. NUI provides another method for calculating the actual nitrate uptake rate, which depends on the maximal crop growth rate (without N de®ciency) and on the external nitrate concentration.
INTRODUCTION
There is still dispute about the factors that control nitrogen uptake by crops under ®eld conditions. Some studies have indicated that N uptake by crops can be controlled by their growth rate. Lemaire and Salette (1984) observed that the N concentration in plant shoots always decreased during growth cycles and they found allometric relationships between nitrogen uptake and dry matter accumulation in shoots. interpreted the stability of these relationships as indicating the control of N uptake rate by crop growth rate. This interpretation is supported by recent studies of the regulation of N uptake by internal factors at a whole plant level (Clarkson, 1986) . Clement et al. (1978) and Glass (1988) measured N uptake rates by intact roots and found that uptake rates did not depend strongly upon the external nitrate concentration.
Others have shown that the external nitrate concentration can greatly modify the rate of net uptake of nitrate (Rao and Rains, 1976; Breteler and Nissen, 1982) and the in¯ux and/or eux rates (Breteler and Nissen, 1982; Lee and Rudge, 1986; Devienne et al., 1994) . The response of the nitrate uptake rate U (mmol g À1 root weight h À1 ), to the external nitrate concentration, C (mol l À1 ), is hyperbolic, similar to the sum of two Michaelis±Menten kinetics. This is consistent with the existence of two groups of nitrate transport systems (Siddiqi et al., 1990) : one group with high anity l/K m1 and low capacity U max1 , the HATS (high anity transport system), functioning at low nitrate concentrations; and the other group designated as LATS (low anity transport system), whose kinetic parameters are still not clear. Some have found a second saturable system with a low anity 1/K m2 and high capacity U max2 (Doddema and Telkamp, 1979; Peuke and Kaiser, 1996) . Siddiqi et al. (1990) described LATS as a linear component which contributes to nitrate uptake only at high nitrate concentrations. These latter studies support the hypothesis that nitrate uptake is regulated by the external concentration. However, they were done under controlled conditions, over short periods of time, and their relevance to ®eld conditions has not been demonstrated.
Further work on the relationship between plant N concentration and above-ground dry matter under ®eld conditions led to the concepts of a`critical N concentration' (Greenwood et al., 1990 ) and a`critical N dilution curve' (Justes et al., 1994; . The`critical N concentration' is de®ned as the minimum N concentration necessary to produce maximum above-ground biomass at any time during vegetative growth. This critical N concentration decreases over the growth cycle and has been linked to the amount of dry matter in the plant shoots, de®ning the`critical dilution curve', which can be Annals of Botany 86: 995±1005, 2000 doi:10.1006/anbo.2000.1264 , available online at http://www.idealibrary.com on 0305-7364/00/110995+11 $35.00/00
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where W is the total shoot dry matter, in t ha À1 ; N is the total N concentration in the shoot, as a percentage of dry matter; and a and b are coecients depending only on the plant species. Two N-dilution equations were developed initially for C 3 and C 4 crops (Greenwood et al., 1990 ). More precise, speci®c critical dilution curves were developed later for wheat and barley (Justes et al., 1994 (Justes et al., , 1997 , maize and sorghum (PleÂ net and Cruz, 1997; PleÂ net and Lemaire, 1999) and oilseed rape (Colnenne et al., 1998) . The critical dilution curve appears to be a theoretically sound and reliable tool for diagnosing the nitrogen nutrition status of a crop, using only the dry matter and nitrogen content of the crop . Nitrogen is not a limiting factor for crop growth rate if the actual N concentration exceeds the critical concentration. Conversely, if the actual N concentration is lower than the critical N %, then the above-ground dry matter accumulation is, or has been, limited by N availability in the soil. Grindlay (1997) proposed a relationship between N uptake and leaf canopy expansion, which gives a more direct physiological link between N nutrition and increase in dry matter: as dry matter increase and canopy expansion are closely related in most cases, N uptake tends to be proportionate to dry matter.
Several studies have indicated that the N concentration in shoots can be greater than the critical N concentration without providing any bene®t for shoot growth, with excess N being accumulated as reduced N compounds or nitrate. The studies conducted by Justes et al. (1994) on 21 ®eld experiments with winter wheat, and by PleÂ net and Lemaire (1999) on 11 ®eld experiments with maize, showed that the N concentration in shoot dry matter could be 65 % higher than the critical N concentration. These results raise questions about whether N uptake rate is strictly controlled by crop growth rate.
The present study was performed to determine which of the two factors, crop growth rate or soil N availability, controls net uptake of nitrogen by crops under ®eld conditions. It concerns the relationships between the kinetic control of net uptake of nitrate and dry matter production. It relies on the maximal and critical dilution curves determined by Justes et al. (1994 Justes et al. ( , 1997 for wheat and barley; by PleÂ net and Cruz (1997) and PleÂ net and Lemaire (1999) for maize and sorghum; and by Colnenne et al. (1998) for oilseed rape.
MATERIALS AND METHODS

Field experiments
Data were collected from ten N-fertilization experiments on various crops carried out in dierent regions of France as described previously (Table 1) . The rates and forms of fertilizer applied varied between experiments. Plant samples were collected at dierent growth stages. Above-ground dry matter and N concentration (Kjeldahl or Dumas method) were measured at each sampling time (weekly for expts 1±5, monthly for expts 6±10). Soil cores were taken at the same dates at dierent depths and the soil inorganic nitrogen (NH 4 Y NO 3 ) content was determined. Experiments 6±10 were done in the vicinity of agriindustries in Champagne (France) and the plots received nitrogen only in waste water ( from sugar beet, lucerne drying, potato starch factories and alcohol distilleries) from September 1994 to July 1995. An oilseed crop was grown with and without waste water. Above-ground dry matter and N concentration (Dumas method) were measured each month. Soil cores were taken every 3 months.
Analytical methods
The total N concentration in shoots was determined by the Kjeldahl or the Dumas method. The Kjeldahl method involved wet digestion in concentrated sulphuric acid for 4 h at 4008C, without speci®c reduction for nitrate. The catalyst used was a mixture of selenium and potassium sulphate. This method was used in expt 4 ( Table 1) .
The Dumas method was used for all other experiments. It involved the combustion of plant powder at 18008C (¯ash combustion), reduction of N oxides by reduced Cu at 6008C and analysis of N 2 by thermal conductivity (Carlo Erba NA 1500 analyser). This method determines the total N in the plant, including nitrate.
Determination of nitrate concentration in soil
Soil mineral N (i.e. nitrate and exchangeable ammonium) was extracted with 1 M KCl, in at least three soil layers (0±30, 30±60 and 60±90 cm). The nitrate and ammonium concentrations in the soil extracts were determined by continuous¯ow colorimetry (Skalar Analytical). Nitrate ions were reduced to nitrite on a cadmium column and detected by the Griess-Ilosvay method (Henriksen and Selmer-Olsen, 1970) . Ammonium ions were detected by the indophenol method (Verdouw, 1977) and analysed at 540 nm.
The nitrate concentration in the soil solution (C, mol m À3 ) was calculated using the nitrate-N content (N, kg ha À1 soil), the soil bulk density (D, g cm À3 ), the soil moisture content (H, % dry soil weight) and the thickness of each soil layer (E, dm):
Comparisons of the nitrate concentration in the soil solution and nitrate uptake rate were for the 0±30 cm layer ( ploughed layer) only, since it contained most of the soil nitrate [on average 66 % (50±95 %) of the total nitrate in the 0±90 cm layer] due to N fertilizer applications, and by far the greatest root density (Barraclough, 1986; Recous et al., 1988a) . The soil data considered in this paper were restricted to situations where nitrate movement from soil to roots was not hampered by water content: no situations in which the water content fell below two-thirds of available water (dierence between ®eld capacity and permanent wilting point) were included.
Calculation of nitrogen nutrition index
The nitrogen nutrition status in each experiment was diagnosed by referring the total nitrogen content of the above-ground parts of the plants and their dry matter to the critical dilution curves previously established for each speci®c crop as follows:
for wheat (Justes et al., 1994) :
for oilseed rape (Colnenne et al., 1998) :
for maize (PleÂ net and Lemaire, 1999) :
The critical dilution curve represents the values of total nitrogen content of the above-ground parts of the plants required for maximum dry matter accumulation. The nitrogen nutrition index (NNI) is the ratio of the actual N % and critical N %, expressed in terms of the measured dry matter . The N status for each experiment was determined by calculating NNI for all the plant sampling dates: there was N de®ciency when NNI was less than 1, whereas the NNI was greater than 1 when the plants were not limited by N, and the soil N availability allowed maximal growth. The data used in this paper were all in the valid range of the critical dilution curve: 1±14 t ha À1 for wheat and other Gramineae (Justes et al., 1994) ; 1±22 t ha À1 for maize (PleÂ net and Lemaire, 1999) ; and 1±6 . 5 t ha À1 for oilseed rape (Colnenne et al., 1998) . The nitrate uptake rate index (NUI) is calculated from the critical dilution curve:
where U a is the actual rate of net uptake of nitrate (kg N ha
, expressing net accumulation of N by the crop from the soil; and U c is the critical rate of net uptake (kg N ha À1 d À1 ), expressing the critical net accumulation of N by the crop:
and:
where W i is above-ground dry matter measured at time t i (t ha
À1
); N i is above-ground N content (g kg À1 above-ground dry matter) measured at time t i ; N c i is critical N content (g kg À1 above-ground dry matter) determined at time t i from the critical dilution curve and measured above-ground dry matter; and t i is the time of measurement (day).
NUI represents the actual N uptake rate from soil as a proportion of the minimum N uptake rate needed to maintain maximal growth rate. NUI is used to compare situations (dierent years, sites, dates, development stages) independently of time. While NNI partly integrates over the growth period since emergence, NUI refers to the time of measurement and is independent of the plant history. NUI was calculated at 1 week intervals for expts 1±5 and 1 month intervals for expts 6±10, and related to the soil nitrate concentration in the 0±30 cm layer at the beginning of each time interval. Situations considered were those where nitrate movement from soil to roots was not hampered by shortage of water (see above). The fact that soil analyses were available for only a few plant sampling dates limited the number of plant-soil situations described here, compared with the number of determinations of NNI.
Model descriptions and statistical analysis
Two dierent models were ®tted to the data to study the relationship between nitrate concentration in the soil and NUI; wheat, oilseed rape and maize were considered separately. These two models are analogous to nitrate Nitrogen was applied as mineral-N, except in expts 6±10 which received mineral-N and **organic-N (sewage water from agri-industries).
uptake kinetics: (1) a Michaelis±Menten equation with one component (model 1):
This ®rst model is often used by physiologists ( for example, Botella et al., 1994; Gutschick and Kay, 1995) , probably because of the low resolution of the monitoring system. It is based on the linear plot method, with only one Michaelis± Menten kinetics-like system operating over a concentration range up to 1 mol m À3 (Peuke and Kaiser, 1996) . (2) A Michaelis±Menten equation with two components (model 2) can also be used, following progress in the use of nonlinear curve-®tting programs:
where C is the concentration in the 0±30 cm soil layer at time t i ; C 0 is the mean minimal concentration in the soil solution required to sustain the nitrate uptake rate (i.e. the minimal nitrate concentration needed for diusion and mass¯ow to replenish the nitrate pool at the root surface); NUI max1 and NUI max2 are the maximal uptake rates (NUI) of the two components (kg N ha À1 d À1 ); and K m1 and K m2 are the anity constants of each component (mol m À3 ). The ®rst component of this equation is the HATS and the second is the LATS, which can also be described as a linear component (see above).
These two models were ®tted to the data by non-linear least squares regression (STATISTICA software) to avoid the errors encountered in transforming data to ®t linear forms of the equation (Juma et al., 1984) .
RESULTS
Wheat
The nitrogen concentrations measured in wheat crops (means of three replicates, expts 1±3) are plotted against dry matter in Fig. 1 . The responses are compatible with thè minimal' and`maximal' N concentration curves (`envelope' curves) proposed by Justes et al. (1994) . The nitrogen nutrition index varied from 0 . 62 to 1 . 38 although, in most situations, NNI was over 1. Only expt 3 showed signi®cant N de®ciency, even in the treatment which received 100 kg N on the ®rst date of measurement. This N application gave a crop with an NNI close to 0 . 9, but did not completely prevent N de®ciency, such that N uptake and biomass accumulation were limited. NNI was generally over 1 in two other experiments (expts 1 and 2) because N fertilization was split into two or more dressings. Figure 2 shows the`N dilution diagram' (nitrogen concentration vs. dry matter) for the oilseed rape experiments (means of three replicates). The total N concentration in shoot dry matter varied widely (NNI: 0 . 46±1 . 78) and was up to 78 % above the critical value. The data show that thè maximal' dilution curve proposed by Colnenne et al. (1998) was an underestimate, probably because their data did not include enough nitrogen treatments, or soils containing large amounts of mineral N. This can be seen in the changes of nitrogen concentration for the three treatments in expt 5, which show the great variations in NNI which can be caused by N application. The plots without N fertilizer showed a gradual decrease as the aerial biomass accumulated, whereas adding 135 kg N ha À1 allowed the crop to recover rapidly from N de®ciency. The NNI for the plot given 272 kg N ha À1 was consistently greater or equal to 1. The proportion of nitrate in the extra N accumulated was higher for oilseed rape than for wheat, regardless of developmental stage (Colnenne et al., 1998 ).
Oilseed rape
Maize Figure 3 shows the N dilution curves obtained from the maize experiment (expt 4, means of four replicates). The total N concentration in shoot dry matter was much lower than for C 3 crops (wheat and oilseed rape, see Figs 1 and 2). It also varied widely, from 51 % below the critical N concentration to 29 % above it (NNI: 0 . 49±1 . 29). The plots given only 30 kg N ha À1 suered severe N de®ciency, while the other plots had NNI values close to or higher than 1. The plot given ®ve consecutive dressings of 42 kg N ha À1 experienced slight N de®ciency at the beginning of the growth period, but its NNI at the end of the period studied was close to that in plots given 210 kg N ha À1 .
Relationship between soil N availability and nitrogen nutrition index
The amounts of ammonium found in soil were always much smaller than the amounts of nitrate: they varied from 0 to 7 % of the soil mineral content (data not shown). There are two reasons for this: (1) most of the nitrogen applications were made as nitrate, except for expt 4 which received ammonium nitrate, and expts 6±10 which received organic-N fertilizer 1 year before the study; and (2) nitri®cation has been shown to occur rapidly in cropped soils, even at low temperatures (Recous et al., 1988b; Recous and Machet, 1999) . For these reasons, most of the nitrogen taken up by crops in these experiments is thought to be derived from soil nitrate and little from ammonium. Figure 4 shows the relationship between the NNI values of oilseed rape, wheat and maize and the total nitrate in the soil pro®le (SMN) for all experiments in which SMN was measured. The SMN values are derived from measurements made 1 week ( from 6 to 8 d) before NNI measurements on soil 0±90 cm deep, excluding situations in which the soil water reserve was less than two-thirds of plant-available water content. The nitrogen nutrition index increased with mineral N content, independently of crop age (indicated by the three time periods in Fig. 4) ; the data could be ®tted to the function:
Using this function, calculated values of NNI varied between 0 . 32 and 1 . 46, whereas the observed NNI varied between 0 . 44 and 1 . 78, indicating that NNI was linked to soil N availability for all three crops. NNI reached the critical value of 1 when the amount of mineral nitrogen in the pro®le was approx. 40 kg N ha À1 . The highest values of NNI, over 1 . 35, were obtained when the amounts of mineral N in the soil exceeded 110 kg N ha
À1
, owing to large initial amounts of SMN, or to fertilizer application. This relationship indicates that NNI is 0 . 32 when SMN is zero. In fact, the observed values of NNI were close to 0 . 4 when SMN was about 6±10 kg N ha À1 , and these were the lowest NNI and SMN values measured in these experiments, and quoted in the literature. There is almost no crop growth under these conditions. However, NNI is a cumulative variable that partly integrates the past Nnutrition of the crop, whereas the amount of mineral N is a more instantaneous variable. The nitrate uptake rate index (NUI), which is a more instantaneous variable than NNI, was therefore examined.
NUI and soil N concentration Figure 5 shows the nitrate uptake rate index (NUI) calculated for 1 week periods for most of the experiments (1 month periods for expts 6±10) plotted against the soil nitrate concentration in the 0±30 cm layer at the beginning of each period. The data are presented for wheat (Fig. 5A , expts 1±3), oilseed rape (Fig. 5B , expts 5±10) and maize (Fig. 5C, expt 4) . The nitrate uptake rate index (NUI) varied greatly between experiments (0 . 10±2 . 36) due to variations in soil N availability and crop species. These results con®rm that variations in NUI are mainly related to nitrate availability in soil (Fig. 4) . NUI increased with nitrate concentration in the upper soil layer (0±30 cm), independently of the NNI values determined using critical dilution curves. Models 1 and 2 [eqns (9) and (10)] each described the three data sets accurately, giving very similar values of kinetic parameters for the range of concentrations used in this paper. The goodness of ®t (estimated by the percentage of variance explained by the model) was slightly better with model 2 than with model 1 (Table 2) and it was poorer for oilseed rape than for wheat or maize. The nitrate concentration in the soil required to ensure that crop growth rate was not limited by N, i.e. NUI 1, was lower for wheat and oilseed rape (0 . 35±0 . 45 mol m
À3
) than for maize (1 . 6 mol m À3 ) under these experimental conditions (Fig. 5 ). The response curves (Fig. 5) were relatively well described by the simple hyperbolic function de®ned by eqn (9) for all species. Although there was great uncertainty associated with the estimates of NUI max , K m and C 0 (Table 2) , the parameters of the function appeared to be very dierent for the three species. The nitrate concentration at which net uptake rate was zero (C 0 ) was smaller for oilseed rape (0 . 06 mol m À3 ) and wheat (0 . 10 mol m À3 ) than for maize (0 . 31 mol m À3 ) ( Table 2 ). In the case of maize, the maximum NUI (NUI max ) was smaller (1 . 80) than for wheat (2 . 09) and oilseed rape (2 . 66). Conversely, maize had a signi®cantly greater K m (0 . 97 mol m À3 ) than wheat (K m 0 . 37 mol m À3 ) and oilseed rape (K m 0 . 47 mol m À3 ). The responses of NUI to nitrate concentration were also well described by the double hyperbola function de®ned by eqn (10) for all species. The con®dence limits for parameters are rather small for NUI max1 compared with those for K m1 , NUI max2 and K m2 , which are relatively high (Table 2 ). This could be due, in part, to the strong correlation between the parameters NUI max2 and K m2 . The nitrate concentration at which net uptake rate is zero Numbers in parentheses are con®dence limits at the 95 % level of probability for the parameter values. In the case of model 2, the parameter C 0 was ®xed at a value close to that previously found with model 1.
Model 1 (C 0 ) was lower for wheat and oilseed rape (0 . 11 and 0 . 07 mol m À3 ) than for maize (0 . 33 mol m À3 ). The C 0 values from the two models are dierent, probably because the goodness of ®t is slightly better with ®ve than with three parameters (Table 2) . Values obtained for NUI max1 were close to 1, varying from 0 . 97 to 1 . 21 (Table 2) ). These relationships were established on the assumption that the nitrate concentration was uniform throughout the 0±30 cm soil layer, which is not the case. The importance of this assumption was tested by applying a theoretical linear variation in the nitrate concentration from C 1 to C 2 (see calculations in the Appendix). If C 2 was three times C 1 , the error in calculating NUI using a constant nitrate concentration would be about 5 %. This assumption, therefore, does not invalidate the present interpretation.
DISCUSSION
Control of nitrate uptake rate
The results presented in this paper con®rm that, for several crops, the N concentration in shoots can be far greater than the critical N concentration, as shown by other authors who determined speci®c dilution curves (Justes et al., 1994; Colnenne et al., 1998; PleÂ net and Lemaire, 1999) . Nitrogen in excess is partly accumulated as nitrate (5 to 50 %) (Justes et al., 1994; Colnenne et al., 1998) , although most of it is reduced and accumulated as amino acids or proteins such as Rubisco (Millard, 1988) . Thus plants have capacities for N accumulation and assimilation which are much greater than the critical N content required to ensure a maximal rate of growth.
The nitrate uptake rate of a crop is controlled by both its growth rate and the external nitrate concentration. The relationship between NUI and nitrate concentration in the soil can be used to calculate the actual nitrate uptake rate by a crop. First, the critical uptake rate can be calculated from the relationship:
where W max is maximal above-ground dry matter measured at time t i (t ha À1 ) ( from critical dilution curves, see above), and N c is the critical N content (% kg N kg À1 of aboveground dry matter) determined from critical dilution curves and measured dry matter. Thus:
The critical dilution curve is de®ned by the following equation [see eqns (1), (3)± (5) 
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The critical uptake rate can then be written as follows by combining eqns (12C) and (13):
The critical uptake rate depends on the growth of the crop, since N c is a function of W (t ha À1 ), and on the maximal crop growth rate without any N de®ciency (dW/dt).
Equation (6) gives:
NUI can be expressed as follows, using an approximation of eqn (10):
Thus, it can be considered that NUI depends only upon nitrate concentration at the root surface C, since NUI max1 , NUI max2 , K m1 and K m2 are constant. Combining eqns (14C) (15) and (16) yields:
The actual nitrate uptake rate then depends both on the maximal crop growth rate (without any N de®ciency) and on the external nitrate concentration. This relationship can be used when root length density does not limit nitrate uptake, or when the roots are uniformly distributed throughout the soil layer considered. This is often the case in the 0±30 cm layer when the crop reaches its maximal growth rate. Soil N availability limits N uptake rate, such that the total N content of the crop falls below the critical dilution curve and plant growth rate is limited by N de®ciency. Nitrate uptake may be regulated independently of growth rate between the critical and the maximum dilution curves. Since growth rate is maximal, nitrate uptake rate would be mainly controlled by N availability in the soil medium and by amino acids resulting from nitrate assimilation (Rodgers and Barneix, 1993; Imsande and Touraine, 1994) . When the plants reach their maximal N accumulation capacity, nitrate uptake must be completely regulated by internal mechanisms linked to plant growth (Macdu and Wild, 1988; Raper et al., 1991) . This internal regulation probably operates over short intervals, as in the diurnal regulation of nitrate uptake (Rideout and Raper, 1994; Delhon et al., 1996) . It would also act from day to day. Tolley and Raper (1985) noticed cyclic variations in nitrogen uptake with a periodicity of 3 to 5 d, the amplitude of which increased with the nitrate concentration in nutrient solutions. These variations are probably linked to the acquisition of nitrogen by plants by two separate mechanisms (Saravitz et al., 1997) , one dependent on nitrate concentration in solution and regulating the net movement of nitrogen from the external solution into the root symplasm. The second mechanism, which depends upon the availability of nitrogen in the symplasm and on shoot activity via phloem transport of substrates such as amino acids and carbohydrates, regulates the movement of nitrogen from the symplasm into the xylem for translocation to the shoot (Pitman, 1977; Siddiqi et al., 1991) . The existence of the two mechanisms can probably explain the apparent contribution of N metabolism products to the regulation of nitrate uptake. Hence, the two systems of regulation must be taken into account in N uptake models, with N availability as a driving variable, and N demand (or N satiety), via N metabolism products, as a maximum limit marked by a maximum dilution curve (which needs to be more accurately estimated). In these experiments, NUI varied much more than NNI, which integrates such variations in the course of the crop cycle. The amplitude of NUI ( from 0 . 10±2 . 36) shows the variation in the nitrate uptake rate in response to external nitrate concentration and, consequently, the internal regulation of N accumulation via the N storage capacity. These conclusions are valid if most of the nitrogen uptake was eectively in the form of nitrate, as assumed here, although ammonium was always present at low levels in the reported experiments. In other situations where ammonium is present at high levels, for example in acidic soils with low nitri®cation rates, the model developed here would not work. The presence of ammonium ions can cause a reduction in nitrate uptake rate by about 40 % (Aslam et al., 1996) . However, growth and yield of wheat are enhanced when plants are provided with mixtures of nitrate and ammonium in hydroponics (Wang and Below, 1992) , suggesting that decrease of nitrate uptake is compensated by ammonium uptake, probably because of low pH (Chaillou et al., 1991) . In this case, it is necessary to consider ammonium and nitrate concentrations and their speci®c uptake kinetics simultaneously.
Control of NUI by soil nitrate availability
The results presented here indicate that medium to high soil nitrate concentrations are needed to maintain the optimal nitrate uptake rate (NUI 1): approx. 0 . 4 mol m À3 for wheat and oilseed rape, 1 . 6 mol m À3 for maize. Crop growth rate would be maximal if this optimal N uptake rate could be maintained. These results for wheat and oilseed rape are in accordance with those obtained in owing solutions by Clement et al. (1978) All the experiments described in this paper were conducted under ®eld conditions, with nitrate availability dependent mainly on N application and soil moisture. Under such conditions the nitrate concentration at the root surface is likely to be much lower than that determined in the bulk soil, as nitrate concentration decreases from the bulk soil to the root surface owing to diusional¯ux and mass¯ow. The diusion rate depends on soil texture, soil moisture and root length density. The dierences in C 0 between oilseed rape and wheat, and maize might have been caused by dierences in soil properties rather than crop species. Diusion coecients are likely to be greater in loamy or chalky soils (wheat and oilseed rape experiments) than in sandy soils (maize experiments). The fact that mean nitrate concentration (rather than the concentration at the root surface) was used may explain why it is necessary to introduce the parameter C 0 (minimal concentration at which NUI 0) into the model. C 0 is the minimum mean nitrate concentration in the soil layer at which the nitrate concentration in the root medium is above 0. Barraclough (1986) showed that the concentration dierences between bulk soil and root surfaces needed to sustain maximum in¯ow by diusive transport of nitrate through the soil vary with time and soil moisture between 0 . 08 to 0 . 18 mol m
À3
and Burns (1980) calculated concentrations in the range of 0 . 03±0 . 63 mol m À3 . The C 0 values obtained here for wheat and oilseed rape were in this range. The higher value for maize (0 . 33 mol m À3 ) could be due to the lower root density of maize and/or the eect of soil texture, i.e. the maize was grown in sandy soil. These values are close to the minimal nitrate concentration observed in the reported experiments at harvest in the 0±30 cm soil for optimal fertilizer-N situations: 0 . 08±0 . 15 mol m À3 for wheat (depending on the N treatment), 0 . 07±0 . 20 mol m À3 for oilseed rape and 0 . 09±0 . 42 mol m À3 for maize (data not shown). These concentrations probably represent soil nitrate that was not available to the crop due to restricted nitrate transport in dry soil.
Although the two models describe the data sets equally well, the second model takes into account the (known) existence of two transport systems. Furthermore, the K m values obtained with model 1 are much higher than published values (see Peuke and Kaiser, 1996) and the parameters of model 1 have no obvious functional signi®cance in terms of nitrate uptake mechanisms. Model 2 will therefore be examined in the following discussion.
The critical dilution curve delimiting two ®elds of N use by plants (growth and storage) could be interpreted by the two nitrate transport systems HATS and LATS. In fact, NUI max1 was close to 1 whichever species was considered, whereas the maximal nitrate uptake capacity U max1 responded to low nitrate concentration to prevent N de®ciency or to permit recovery from N de®ciency. On the other hand, NUI max2 varied with species: wheat and oilseed rape had higher NUI max2 values than maize. This parameter combines the nitrate uptake rate per unit of root and root length density. LaineÂ et al. (1993) established contrasting relationships between the maximal nitrate uptake rate per unit of root and root fraction of total plant weight for Cruciferae and Gramineae. These authors inferred that these two plant families adopt dierent strategies for nutrient uptake from the soil. Crucifers have smaller root systems with higher nitrate uptake capacities whereas grasses produce a denser root system functioning at lower uptake rates. It is, therefore, probable that dierences between species can be eliminated mathematically by combining these two characteristics. Typical topsoil root length densities are 10 . 5 cm cm À3 soil for wheat, 6 . 4 cm cm À3 for maize (Goss et al., 1993) and at least 5 cm cm À3 for oilseed rape (Gabrielle et al., 1998a) . Maize would have the lowest NUI max , with an intermediate root length density. This shows that this species may have the lowest nitrate uptake rate per unit of root length, probably because C 4 plants need less nitrogen for their metabolism than do C 3 plants.
The (K m1 À C 0 ) values re¯ect the concentration required at the root surface to give NUI max1 /2. Thus, the (K m1 À C 0 ) values calculated in this paper con®rm the high anity (70± 130 mmol m À3 ) of the ®rst component of eqn (10). For the three species studied in this paper, this value is close to the kinetic parameter K m1 usually given in the literature for the HATS system (7±110 mmol m À3 ; see Peuke and Kaiser, 1996) . The parameter K m2 obtained with model 2 varies between species, but its high value is within the published range (0 . 17±25 mol m À3 ) (Doddema and Telkamp, 1979; Peuke and Kaiser, 1996) .
CONC LUSIONS
In situations where soil ammonium concentration is low the HATS system functions at low concentrations, controlled by maximal crop growth rate (without N de®ciency) and external nitrate concentration, giving an NNI of below 1. The LATS system acts at high concentrations and is probably controlled by the external nitrate concentration alone, allowing the crop to store nitrogen (as nitrate and proteins) and to obtain an NNI above 1. It is suggested that nitrate uptake under ®eld conditions is controlled dierently according to plant N status (determined by the NNI value). Firstly, in the domain below the critical dilution curve, NUI would be controlled both by the potential above-ground growth rate and the external nitrate concentration, which determine the actual growth rate. Secondly, above the critical dilution curveÐwhen the actual growth rate is maximalÐNUI would be controlled only by the external nitrate concentration. This hypothesis cannot be proved using the present experimental data owing to the inaccuracy resulting from the calculations being made at intervals of 1 week. Such precise limits probably cannot be de®ned at a short time scale (hours, days), particularly when N availability varies sharply, for example, when a strongly N-de®cient crop receives a large N application (suddenly increasing the topsoil nitrate concentration). The low-anity uptake system must be mainly responsible for N acquisition immediately after application in such a case; but, using a 1-week time scale, the two systems are involved owing to the rapid decrease in soil nitrate concentration which follows (Recous and Machet, 1999; Vouillot and Devienne-Barret, 1999) . However, recent developments in molecular biology, such as the identi®cation of the genes NRT1 encoding LATS, and NRT2 encoding HATS (Tsay et al., 1993; Krapp et al., 1998) will permit testing of this hypothesis, characterization of the physiology of nitrate uptake regulation and evaluation of diagnostic tools such as NNI.
concentration. Journal of Experimental Botany 29: 453±464. Colnenne C, Meynard JM, Reau R, Justes E, Merrien A. 1998 .
Determination of a critical nitrogen dilution curve for winter oilseed rape. Annals of Botany 81: 311±317. Delhon P, Gojon A, Tillard P, Passama L. 1996. Diurnal regulation of NO 
